lational diffusion coefficients, van Hove correlation functions, and non-Gaussian parameters for ionic species in heterogeneous ionic environment. Most tetraalkylphosphonium cations have higher translational mobilities than their partner anions due to strong coordination of chloride anions with central polar groups in tetraalkylphosphonium cations through strong Coulombic and hydrogen bonding interactions. The increase of aliphatic chain length in tetraalkylphosphonium cations leads to concomitant shift of van Hove correlation functions and non-Gaussian parameters to larger radial distances and longer timescales, respectively, indicating the enhanced translational dynamical heterogeneities of tetraalkylphosphonium cations and the corresponding chloride anions.
I. INTRODUCTION
Room temperature ionic liquids (ILs) refer to a special category of molten salts entirely composed of bulky asymmetric cations and weakly coordinating anions that exist in liquid state at room temperature. In recent years, the intense research on ILs has received significant attention in diverse academic and industrial communities due to ILs' multifaceted physicochemical properties, such as non-flammability, negligible volatility, reasonable viscosity-temperature feature, high thermal-oxidative stability, wide electrochemical window, as well as outstanding ability to dissolve polar and apolar compounds [1] [2] [3] [4] [5] [6] [7] [8] [9] . These fascinating characteristics render them reliable alternatives to conventional molecular solvents in industrial applications spanning from synthetic to catalytic chemistry [1, 4, 5, 7, 8, 10] .
Additionally, their high liquid densities and short Debye screening lengths enable them to effectively screen charged solid surfaces and therefore make them potential replacements of conventional electrolytes in electrochemical energy devices [6, [11] [12] [13] .
A fascinating feature of ILs is that their physicochemical properties, as well as microstructural organization, can be widely tuned in a controllable fashion through combinations of different cation-anion ion pairs in a general way, and by mutating specific atoms in constituent cations or anions [9, [14] [15] [16] [17] . The X-ray [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and neutron scattering [21, [31] [32] [33] [34] [35] experiments, as well as molecular dynamics simulations [16, 17, 28, [36] [37] [38] [39] [40] [41] [42] [43] , have been extensively adopted to elucidate heterogeneous dynamics, microstructural ordering and liquid morphologies of imidazolium and pyrrolidinium based IL systems on nanoscopic level.
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These experimental and computational investigations demonstrated an existence of intriguing nanoscopic structural organization in IL matrices. The liquid structural heterogeneity spans over an order of a few nanometers, and is mainly derived from principle interactions involving different molecular moieties in ILs, that is, Coulombic interactions between charged groups, and dispersive interactions between apolar groups. Polar groups in imidazolium and pyrrolidinium cations are strongly coordinated with anions, driving to the formation of ionic polar domains from which aliphatic chains are solvophobically excluded, and consequently clustered into apolar domains. The characteristic size of nanoscopic structural heterogeneities is found to linearly scale with aliphatic chain length in imidazolium and pyrrolidinium cations, which thus provides a sensitive handle for tuning microstructures and physicochemical properties of bulk ILs [18-21, 26, 34, 44, 45] . The particular liquid morphologies of nanoscopic polar and apolar domains will significantly affect transport behavior in viscosity, diffusion coefficient, and ionic conductivity of ionic species in heterogeneous IL matrices [37, 40, 43, 46, 47] .
The heterogeneous microstructures and liquid morphologies are even more distinct in tetraalkylphosphonium based ILs as there are four aliphatic chains in tetraalkylphosphonium cations and each one can be tuned with varied aliphatic substituents [48] [49] [50] [51] , and mutated with different polar and apolar groups [14, 15] . Additionally, tetraalkylphosphonium cations can be associated with various anions and molecular liquids [27, [50] [51] [52] [53] [54] [55] [56] [57] , leading to striking ionic structures and distinct liquid morphologies in IL matrices. Gontrani et al. studied a trihexyltetradecylphosphonium chloride ([P 6, 6, 6, 14 ]Cl) IL combining X-ray scattering technique and computer simulation, and alluded the existence of polar segregation at nanoscopic level in IL matrix [58] . Castner and Margulis groups investigated liquid morphologies and structural ordering properties in ILs consisting of [P 6,6,6,14 ] cations coupled with different anions [54, 59] , as well as changes in microstructural landscapes upon heating and pressurizing these ILs [57, 60, 61] . The liquid organizational morphologies of these [P 6,6,6,14 ] based ILs are dominated by three distinct landscapes at different length scales associated with short range adjacency correlations, positive-negative charge alternations at intermediate range,
and long-ranged polarity ordering correlations. It is the [P 6,6,6,14 ] cation that plays a fundamental role in structuring liquid landscapes of these ILs due to its amphiphilic feature and bulky molecular size.
Since aliphatic chain length is a sensitive handle to microstructural ionic environment, ([P 6,6,6,6 ]), and [P 6, 6, 6, 14 ]. These tetraalkylphosphonium cations are coupled with a monoatomic chloride anion, making it possible to focus on microstructural changes originated from cationic structures without complications introduced by a complex anion.
II. IONIC MODELS AND SIMULATION METHODOLOGY
Molecular structures and representative atom types in tetraalkylphosphonium cation and chloride anion are presented in Fig. 1 . Atomistic force field parameters for six tetraalkylphos- phonium chloride ionic liquids are taken from a systematically developed force field in previous works based on AMBER framework [49, 62] . The cross interaction parameters between different atom types are obtained from Lorentz-Berthelot combination rules. In present atomistic simulations, each simulation system consists of varied number of tetraalkylphosphonium chloride ion pairs with the total atoms of approximately 26000. The detailed simulation system compositions are listed in Table I .
Atomistic molecular dynamics simulations were performed using GROMACS 5.0.4 package [63] with cubic periodic boundary conditions. The equations of motion were integrated using leap-frog integration algorithm with a time step of 1.0 fs. A cutoff radius of 1.6 nm was set for short range van der Waals interactions and real space electrostatic interactions.
The Particle-Mesh Ewald summation method with an interpolation order of 5 and a Fourier grid spacing of 0.12 nm was employed to handle long range electrostatic interactions in reciprocal space. All tetraalkylphosphonium chloride IL simulation systems were first energetically minimized using a steepest descent algorithm, and thereafter annealed gradually from 800 K to 323 K within 20 ns. The annealed simulation systems were equilibrated in NPT (isothermal-isobaric) ensemble for 60 ns maintained using Nosé-Hoover chain ther- as specified in previous publications [16, 44] .
B. Structural function
To appreciate the overall effect of aliphatic chain length in tetraalkylphosphonium cations on microstructural ordering characteristics in ILs, the total X-ray scattering static structural function, S(q), is calculated using the total sum of atom type based partial components as
is the partial structural function between atoms types i and j and is given by
Herein, g ij (r) is the partial radial distribution function between atom types i and j, including intra-and intermolecular pairs. x i and x j are the mole fractions of atoms types i and j, and f i (q) and f j (q) are the corresponding X-ray atomic form factors [66] , respectively.
refers to the average atom number density of simulation system and L is the simulation box length. W (r) is a Lorch window function defined as
, which is used to minimize the effect of finite truncation of r in the calculation of g ij (r).
Different decomposition scheme of total structural function is advantageous in order to better comprehend the physical origin of striking intermolecular features in S(q) plot. In practice, the total structural function S(q) can be partitioned into either atomic pair contributions, cationic and anionic subcomponents, or polar and apolar subcomponents, as well as their cross correlations. The detailed partitioning schemes are systematically described in previous publications and references therein [17, 28, 52, 60, 61] .
The total X-ray scattering static structural functions, S(q), for six tetraalkylphosphonium chloride ILs calculated from present atomistic simulations are shown in Fig. 3 . Two prominent peaks located at 4.8 nm −1 and 13.9 nm −1 are shown in total structural function for [P 6,6,6,14 ]Cl IL. These two peak positions are quite consistent with the experimental data positioned at 4.3 nm −1 and 13.8 nm −1 , respectively [58] . Such a two-peak-plot is a general feature for [P 6,6,6,14 ] based ILs, and is mainly attributed to close packed ionic structures in local environment [54, 57] . The total structural functions for the other five tetraalkylphosphonium chloride ILs generally display three peaks, even the ones located in intermediate q range are not so distinct in some curves. With some variations across structural function plots for six tetraalkylphosphonium chloride ILs, these peak positions are essential characteristic hallmark of their microstructural landscapes, indicating particular microscopic ionic ordering phenomena at different length scales in IL matrices [30, 42, 44, 45, 67] .
The most relevant region in total structural function plots is q ≤ 25.0 nm an expansion of apolar network in IL matrices. In the meantime, the polar network tends to persist but has to accommodate the growing apolar network by loosing part of its connectiv- It is shown in previous works that the total structural functions S(q) can be partitioned in many different ways depending on intended structural properties [16, 28, 29, 42, 44, 57, 60, 67] . These partitions can be considered as additive projections of the total structural function S(q) onto different subsets of atomic reciprocal space correlations that are chosen to conveniently highlight striking structural properties of ILs. In following discussion, we mathematically decompose the total structural function into varied subcomponent contributions to address polarity and charge alternations in IL matrices. 
C. Radial distribution function
To look further into the real space correlations between tetraalkylphosphonium cations and chloride anions, we calculate the site-site radial distribution functions (RDFs) between chloride anions and the central phosphorous (P) atoms in tetraalkylphosphonium cations.
The P-P, P-Cl and Cl-Cl pair RDFs, and the corresponding partial structural functions, are shown in Fig. 7 . For [P 2,2,2,4 ]Cl IL, both P-P and Cl-Cl RDFs exhibit different forms to their counterparts for the other five ILs, due to the intrinsic liquid morphologies and microscopic ionic structures in [P 2,2,2,4 ]Cl IL matrix. The lengthening aliphatic chains in tetraalkylphosphonium cations leads to a shift of the principal peaks in these two PDF plots to short radial distances. These microstructural changes between chloride anions and central phosphorous atoms in tetraalkylphosphonium cations in polar domains are qualitatively manifested in corresponding partial structural functions. 
D. Translational dynamics
Quantitative characterization of translational dynamics of tetraalkylphosphonium cations and chloride anions is quantified in terms of mean square displacement (MSD), which is expressed as:
where N is the number of ion type i in simulation box, and r i (t) is the center-of-mass Table I . The magnitude of diffusion coefficients for tetraalkylphosphonium cations and chloride anions at 323 K is 10 −12 m 2 /s, which is a common order for translational diffusion of ionic species at similar temperature range [62, 70, 71] .
The terminal carbon atoms in long aliphatic chains in tetraalkylphosphonium cations exhibit faster diffusion than that for their counterpart in short aliphatic chains, as shown in panels A, C, D, and F in Fig. 9 . The four aliphatic chains in [P 4,4,4,4 ] and [P 6, 6, 6, 6 ] cations are characterized with same length and the four terminal carbon atoms in aliphatic chains have almost the same MSD curves (data not shown), and thus their average MSD data are present in panels B and E in Fig. 9 . For tetraalkylphosphonium chloride ILs with an exception of [P 2,2,2,4 ]Cl, the translational diffusions of specific groups follow an order of terminal C long chains > terminal C total > terminal C short chains > tetraalkylphosphonium cations > P atoms in tetraalkylphosphonium cations. It is the fast diffusion of terminal carbon atoms in aliphatic chains and the relative slow mobility of central P atoms that lead to the medium self diffusivity of the whole tetraalkylphosphonium cations.
It is shown in Fig. 9 hedral regions, resulting in the self diffusivity of chloride anions being always 10% higher than that for P atoms in corresponding IL matrices. In [P 6,6,6,6 ]Cl and [P 6, 6, 6, 6 ]Cl ILs, the synergistic effect of trifold constraints contributes to the overlap of MSD plots for P and Cl atoms, indicating that the hexane chains can spatially and dynamically constrain chloride anions within their local cavities in an effective procedure.
It is interesting to notice that the translational mobility of terminal carbon atoms, either in long or in short aliphatic chains, and their total diffusion increase with tetraalkylphosphonium cationic molecular sizes, as clearly shown in panels B-F in Fig. 9 . This observation indicates that apolar network moves faster with lengthening aliphatic chains in tetraalkylphosphonium cations. However, the diffusion of polar domains, mainly the mobilities of P and 
E. Dynamical heterogeneity
Atomistic simulation results in previous subsections indicate that translational dynamics of tetraalkylphosphonium cations and chloride anions are heterogeneous depending on aliphatic chain length in tetraalkylphosphonium cations. Since MSD plots give typical average distance that a tagged ionic group moves within a time t, it is of interest to investigate the distribution of its displacement, which can be quantified by computing time dependent self part of van Hove correlation function G s (r, t) as [40, [71] [72] [73] : Only after sufficient long time can these trapped ionic groups escape their cages, and the corresponding simulation systems reach diffusive regime, in which the self diffusivities of ionic groups are characterized by MSD ∝ ∆t as shown in Fig. 9 . Additionally, these van Hove correlation functions exhibit long tails due to some ions diffusing faster than mainstream diffusion in IL matrices, but no activated "hopping" process occurring at 323 K in present atomistic simulations. This observation indicates that the translational diffusion of tetraalkylphosphonium cations and chloride anions at 323 K is a continuous process controlled by the time it takes to leave a trapped cage of its surrounding counterions without entering another one due to the missing of secondary peaks in van Hove correlation functions at large distance and long time scales [40, [71] [72] [73] [74] .
The deviation of translational mobilities of tetraalkylphosphonium cations and chloride anions from Gaussian behavior is associated with dynamic heterogeneity and can be quantified by non-Gaussian parameter defined as [71, 72, 75] :
where r(t) is the displacement of an ionic group at time t with respect to its position at time t = 0. Fig. 11 presents the non-Gaussian parameters α 2 (t) for tetraalkylphosphonium cations and the corresponding chloride anions at 323 K. The non-Gaussian parameter depicts a nonmonotonic time dependence with peak positions at different time scale. At short times, non-Gaussian parameter is zero due to a free particle behavior of ionic groups in Table I , become stronger and shift to larger timescale with lengthening aliphatic chains in tetraalkylphosphonium cations. This observation is attributed to strong microstructural and dynamical heterogeneities of constrained tetraalkylphosphonium cations and chloride anions in heterogeneous IL matrices. It is noteworthy that the peak intensities and peak positions in non-Gaussian parameter plots for tetraalkylphosphonium cations are higher and larger than that for their partner anions, indicating that tetraalkylphosphonium cations have a higher degree of dynamical heterogeneity, which mainly comes from the almost uniform distribution of chloride anions around tetraalkylphosphonium cations.
At times longer than peak timescales, non-Gaussian parameters will decay due to diffusive motion of ionic species in IL matrices. It is expected that the non-Gaussian parameter α 2 (t) should be recovered to zero for dynamically homogeneous system. However, such a process is very slow for almost all IL systems due to the overall heterogeneous structures and dynamics of ionic species. The decay of chloride anions is much faster than that for corresponding tetraalkylphosphonium cations after peak timescales, as expected. We can infer from Fig. 11 that the non-Gaussian parameters for both tetraalkylphosphonium cations and chloride anions in all six simulation systems are finite owing to the heterogeneous microstructures and dynamics of ionic species in local ionic environment. Actually, the deviation of non-Gaussian parameter α 2 (t) from zero is an indicative of extent and timescale of relaxation process of ionic species with different reorientational rates in heterogeneous ionic matrices [71, 75] . 
